The temperature depression of liquids due to latent heat of vaporization causes vapor pressure depression and suppresses cavity growth. This phenomenon is called ''thermodynamic effect of cavitation.'' This effect is especially significant in cryogenic fluids such as LOX and LH 2 . Due to this effect, the performance of hydraulic equipment for cryogenic fluids, such as turbopumps of rocket engines, is not as bad as predicted. In this paper, the size of the cavity in cryogenic fluid is estimated numerically taking the thermodynamic effect of cavitation into consideration. A cavity is assumed to be a sheet cavity. From the results, the effects of the properties of liquid and Reynolds number on the thermodynamic effect of cavitation are investigated.
Introduction
Satellite systems such as satellite broadcasting and navigation by GPS are becoming increasingly indispensable. Liquid rockets are mainly used to launch satellites. In these rockets, liquid hydrogen (LH 2 ) and liquid oxygen (LOX) are used as propellants. A turbopump which supplies the propellants to a combustion chamber with high pressure is incorporated in the rocket engine to make the system smaller and lighter. An inducer is attached to the turbopump to increase the efficiency of the pump.
To achieve smallness of the turbopump, it must run extremely fast. 1) In this condition, cavitation occurs around the inducer, which results in worsening of the suction performance of the turbopump. However, the size of the cavity in cryogenic fluids is smaller than that of water and, therefore, the performance of turbopumps is not as bad as predicted by assuming the fluid to be water. This phenomenon is called ''thermodynamic effect of cavitation.'' The mechanism of the thermodynamic effect of cavitation is as follows. The temperature of the liquid in the vicinity of the cavity surface decreases below the free-stream temperature because the latent heat of vaporization must be extracted from the bulk liquid. Due to the strong dependence of the vapor pressure on temperature, the vapor pressure at the cavity surface of cryogenic fluids is much lower than that corresponding to the free-stream temperature. This phenomenon suppresses the vaporization at the cavity surface. If the thermodynamic effect of cavitation can be estimated numerically, it is expected that the number of rocket engine experiments can be decreased, thus enabling reductions of the cost and period of development. Therefore, it is important mechanically to estimate the effect of flow properties on the thermodynamic effect of cavitation numerically.
Analyses of the thermodynamic effect have been conducted focusing mainly on the degree of temperature depression as a function of flow conditions and liquid properties. Stepanoff defined a parameter which expresses the effect of thermodynamic properties of liquid on cavity volume.
2) Ruggeri expressed the correlation between the liquid which contributes to the evaporation and the cavity volume by an equation obtained experimentally.
3) Kato introduced the Z-factor theory regarding the pressure depression due to the thermodynamic effect. 4) Recently, Deshpande et al. presented a numerical method for modeling of the thermodynamic effect of cavitation and applied it to the flow around a hydrofoil. 5) This method can express the characteristics of the thermodynamic effect of cavitation, though it is doubtful that the cavitation model can express the real phenomenon accurately. Tani et al. 6) developed a cavitating flow solver, based upon bubble two-phase flow equations, including the energy conservation. This model can simulate unsteady states and this model is easy to extend to three-dimensional systems, though the thermal boundary layer around the cavity is not considered and therefore the temperature of gas and liquid is assumed to be the same.
In this study, the sheet cavity around a two-dimensional hydrofoil was simulated by the method of Deshpande, 5) the cavitation model being improved so as to be more accurate in order to analyze the effect of flow properties on the thermodynamic effect of cavitation. A Navier-Stokes solver based on artificial compressibility and pseudo-time stepping was used. Moreover, an energy equation was used to simulate the thermal boundary layer in the fluid. The cavity surface was defined as a streamline from the inception point of the sheet cavity. Using this method, the cavitating flow of water at 290 K, which is usually used in experiments in rocket engines and those of liquid oxygen at 80 K and 90 K, which is used under real operating conditions, were Ó 2004 The Japan Society for Aeronautical and Space Sciences simulated. These results were compared and the effects of the flow properties on the thermodynamic effect of cavitation were estimated. Moreover, the effect of Reynolds number on the thermodynamic effect of cavitation was also analyzed because the phenomenon that the thermodynamic effect of cavitation almost disappears in certain inlet conditions due to the flow velocity, that is, the Reynolds number, might be suggested in experiments with rocket engines. 7, 8) 
Numerical Method
In this paper, the complete flow and temperature fields were described by incompressible, two-dimensional Navier-Stokes equations and an energy equation as follows. 5) Continuity Equation:
Two-dimensional Navier-Stokes Equations:
Energy equation:
In this paper, the artificial compressibility term was added to Eq. (1) to enable a time-marching scheme to advance the flow variables in the system. Thus, above equation became
When the solution converges, the time derivatives in the equations approach zero and a steady-state Navier-Stokes solution can be obtained. The parameter, , controls the speed of sound of the system and must be determined with a compromise between the stability and the time of simulation. In this paper, the value of was set at 0.5. Equations (2)-(5) are changed to generalized coordinates and solved by the Finite Differential Method. The advection term was estimated by LAX and the 2nd-order fully upwind MUSCL scheme, where the parameters, " and , were set at 1 and À1, respectively. In this scheme Van Albada's limiter, s, was employed. Moreover, the viscous term was estimated by 2nd order central-differencing. Local time-stepping was used to improve the convergence and the time derivatives were solved by the LU-SGS method.
The solver was applied to the flow over an NACA0012 hydrofoil. The geometry of the hydrofoil is shown in Fig. 1 . The number of the grid was set at 210 for the upper part of the hydrofoil, 100 for the lower part of the hydrofoil, 20 Â 2 for the wake and 50 for the part normal to the hydrofoil in order to express a cavity adjacent to the upper body surface. The thermal boundary layer above the hydrofoil and the cavity must be captured to calculate the thermodynamic effect of cavitation accurately. The minimum grid size was set at 1 Â 10 À4 of the chord length by considering that the flow Reynolds number was from 10 6 to 10 7 . The simulation region was set at five times as large as the chord length.
In this simulation, the Reynolds number, Re, cavitation number, ', attack angle, upstream temperature and the flow properties (the Prandtl number, latent heat, specific heat at constant pressure, viscosity coefficient and the density of the gas and liquid phases) at the temperature were given. Through the simulations, the attack angle was set at 4 deg. and the chord length was set at 1:0 Â 10 À1 m. In this paper, the cavitation number, ', is obtained by
and the Reynolds number is obtained by
where " m denotes molecular viscosity. However, the turbulent viscosity, " t , must be considered because of the high Reynolds number. In this simulation, the Reynolds number, Re, in Eqs. (2)- (4) was replaced by
and the turbulent viscosity was estimated by applying the algebraic Baldwin-Lomax turbulence model. 9) First, simulations were performed without considering the cavity, and the cavitating flow was simulated by using the result as the initial condition. The boundary conditions except that of the cavity surface are listed in Table 1 . That of the cavity surface is shown in the next section. 
Cavitation Model
In this model, the region of the hydrofoil where the pressure is below the vapor pressure is considered to be the ''cavity region'' and the boundary condition of the region is changed from a ''solid wall'' condition to a ''cavity'' condition. The boundary condition of the cavity region and the method of simulating the growth of the cavity are as follows.
On the cavity surface, two pressures, namely, liquid and gas pressure, were defined. The pressure depression due to vaporization, namely, the thermodynamic effect of cavitation, can be considered by obtaining the gas pressure as the vapor pressure at the local temperature of the cavity surface. The liquid pressure, p ' , was obtained by the Neumann condition and the gas pressure, p g , was obtained as the vapor pressure p v ðTÞ corresponding to the local temperature T. The vapor pressure p v ðTÞ was obtained from
The coefficients, A 0 $ A 7 , of each liquid are shown in Table  2 . Figure 2 shows the vapor pressure curve. The upper figure shows that of liquid oxygen and lower figure shows that of water. The black dots in these figures show the experimental results. 10) As shown in this figure, the experimental results can be accurately expressed by Eq. (9) .
The tangential velocity of the interface was determined by the Neumann condition. Normal velocity of the interface was allowed to deviate from zero in order to express the growth of the cavity. In the paper of Deshpande et al., the normal velocity was determined by the Method of Characteristics, but this condition cannot express the pressure balance on the cavity surface. 5) In this paper the normal velocity on the cavity surface was determined to simulate the growth of the cavity by the balance among liquid pressure p ' , gas pressure p g and the surface tension ( at the cavity surface, where denotes the surface tension coefficient and ( denotes the curvature of the interface. The process of the simulation is as follows:
(1) The normal velocity on the cavity surface G was obtained so that the velocity is proportional to the pressure difference according to
(2) A new cavity surface at the next step was obtained by tracing the streamline from the inception point of the cavity to the last cavitating grid. The inception point was determined as the first grid on the hydrofoil at which the pressure was less than the local vapor pressure. The computational domain was re-grided accordingly over the hydrofoil/cavity surface. 5) In this paper, grid updating was accomplished every 10 steps. The growth of the cavity stops if the pressure differences between gas and liquid equals the surface tension. The parameter k was set at k ¼ 5 Â 10 À3 with a compromise between the stability and the time of simulation. If the streamline entered the hydrofoil, the location of the interface in the next time step was determined on the hydrofoil.
In general, the cavity ended with a finite thickness, and therefore it must be closed by adding an afterbody. In this paper, the afterbody was determined using the model introduced by Kinnas. 11) The details of the afterbody are shown in Fig. 3 . The afterbody was obtained by a cubic profile that merged smoothly with the cavity surface and hydrofoil. The length of the afterbody l a was set at 0.1 times the cavity length, and the boundary conditions of pressure, temperature and normal velocity of the afterbody were the same as those for wall boundary conditions. The tangential velocity of the afterbody U a was obtained by
so that the tangential velocity of the afterbody decreases gradually to 0 at the end of the afterbody. 11) In this equation, U e denotes the tangential velocity at the end of the cavity, x a denotes the x coordinates of the grid on the afterbody and x e denotes the x coordinates at the end of the cavity.
The boundary conditions of temperature on the cavity surface were obtained from mass and energy conservation at the cavity surface mentioned below. 5) Figure 4 shows the diagram of the temperature boundary conditions. The lower figure shows an expanded portion of the upper figure. As shown in the lower portion of Fig. 4 , the vapor is considered to evaporate from the volume flow rate of dQ from the elemental surface area on the interface, ds.
If the velocity gradient inside the cavity was assumed to be constant as shown in Fig. 4 , the following equation could be obtained:
where h is the length between the cavity surface and the hydrofoil. The heat flux required to vaporize the fluid from an elemental portion of the cavity surface was obtained by
where q ' denotes the heat flux, & v denotes the density of the vapor and L denotes the latent heat of the liquid. The heat conducted to the cavity surface was obtained by
where n denotes the normal vector to the liquid-vapor interface and ! ' denotes the thermal conductivity of the liquid. Using Eqs. (12), (13) and (14) the temperature gradient at the cavity surface was obtained by
Considering du % 0 for simplicity, the following equation was obtained:
This equation was used as the boundary condition of the temperature on the cavity surface. In Eq. (16), Prandtl number, Pr, density of gas and liquid, & v and & ' , respectively, and latent heat, L, are the thermodynamic properties and depend on the temperature. In this paper, these thermodynamic properties, except for the density of the gas and liquid, were assumed to be constant because they became smaller compared with the density. Therefore, Eq. (16) must be solved by an iterative process. The ratio of gas density to liquid density was obtained by
These parameters are determined as shown in Table 3 so that Eq. (17) can express the experimental results.
10)
While a large portion of the vapor breaks off from the cavity in reality, all the vapor was assumed to be condensed in this study because the afterbody forced the cavity to close. Therefore, the temperature at the end of the cavity was overestimated compared with the real case. For this reason, the temperature in the cavity and that at the afterbody where Table 4 . The attack angle of the hydrofoil was set at four degrees. Figures 6 and 7 show the shape of the cavity and the temperature depression distribution, respectively. As shown in Fig. 6 , the cavity in water at T ¼ 290 K is larger than that in liquid oxygen even if the cavitation number of each liquid is the same, which is the same tendency of Ref. 6 ). Even when the vapor pressure is fixed at the same value as that at the free-stream temperature in the case of water, the size of the cavity is almost the same as that shown in Fig. 6 . Therefore, it can be said that the thermodynamic effect of cavitation in water is small. On the other hand, the thermodynamic effect of cavitation in liquid oxygen is greater than that in water, and it is thus observed that the size of the cavity decreases greatly. There are two causes for the difference of the thermodynamic effect of cavitation between these liquids. First, while the ratio of gas density to liquid density of water is 1/70000 at T ¼ 290 K, that of liquid oxygen is 1/ 810 or 1/260 at T ¼ 80 K or T ¼ 90 K, respectively. The temperature depression, therefore, is greater in liquid oxygen than in water as shown by Eq. (16), which is observed in Fig. 7 . In this figure, it is necessary to notice that temperature is not higher than the initial temperature, which is different from the result of Ref. 6 ) because in our model the temperature in the cavity and that at the afterbody where the temperature is larger than the upstream temperature are corrected to the initial temperature. Moreover, even if the temperature depressions in these liquids are the same, the vapor pressure depression in liquid oxygen is larger than that in water as shown in Fig. 2 , because liquid oxygen operates closer to the critical temperature than water. Owing to these effects, the size of the cavity in liquid oxygen is smaller than that in water. Moreover, due to the above-mentioned reason, it is considered that the thermodynamic effect of cavitation in liquid oxygen at T ¼ 90 K is greater than that at T ¼ 80 K; this phenomenon is observed in Fig. 6 . The trend that the thermodynamic effect of cavitation increases with the increase in temperature is observed in the experiments and this shows the validity of this simulation method qualitatively. The temperature depression on the cavity surface, however, is smaller at T ¼ 90 K than at T ¼ 80 K, because the size of the cavity at T ¼ 90 K is smaller, and therefore the value dh=ds in Eq. (16) is smaller. The increase of the thermodynamic effect of cavitation with the increase of liquid temperature is observed experimentally and qualitatively agrees with the simulation results.
Next the distribution of pressure coefficient, ÀC p , is shown in Fig. 8 . The pressure coefficient, C p , is defined as
From Fig. 8 it is observed that the value ÀC p in the cavity region in liquid oxygen at T ¼ 80 K is larger than that in water, even though their cavitation numbers are the same. This is because the liquid pressure p ' as shown in the right side of Eq. (18) is almost consistent with the vapor pressure p v at the steady state and because p ' decreases according to the decrease of p v due to the thermodynamic effect of cavitation.
Reynolds number dependence
Next, the effect of the Reynolds number on the thermodynamic effect of cavitation was analyzed. The temperature of liquid oxygen was 80 K and the cavitation number was 0.9. Other parameters are shown in Table 4 . The Reynolds numbers of 1:0 Â 10 7 and 0:5 Â 10 7 were chosen. First, the shapes of the cavity in each flowfield are shown in Fig. 9 and the temperature depression in the flowfields without the thermodynamic effect of cavitation are shown in Fig. 10 , where the sizes of the cavities are the same due to the same cavitation number. As shown in Fig. 9 , the size of the cavity at a higher Reynolds number is larger than that at a lower Reynolds number, and therefore it can be said that the thermodynamic effect of cavitation decreases as the Reynolds number increases. As shown in Fig. 10 , however, the temperature depression at the high Reynolds number is larger than that at the low Reynolds number, even though the size of the cavities is the same. Therefore, the degree of thermodynamic effect of cavitation cannot be predicted by the degree of temperature depression. Ruggeri et al. 3) defined the minimum cavitation number, ' min , as a parameter of cavity size considering the thermodynamic effect of cavitation by
where p v min is the minimum vapor pressure on the cavity surface. It is reported that the size of the cavity is consistent when the minimum cavitation number, ' min , is consistent. Using this parameter, the dependence of the Reynolds number on the thermodynamic effect of cavitation can be explained as follows: Eq. (19) is changed to
where Áp v ¼ p v1 À p v min is the pressure depression due to the evaporation. In this comparison, the difference of the Reynolds number corresponds to the difference of freestream velocity, U 1 , because the length of the chord and the properties of the fluid are consistent with each other. The free-stream velocity is increased with the increase in Reynolds number by
The increase of free-stream velocity leads to an increase of the flow velocity at the cavity surface, u, in Eq. (16), resulting in larger temperature depression or larger vapor pressure depression. In general, however, the vapor pressure depression, Áp v , is smaller than the change of dynamic pressure, 1=2&U 1 2 , in Eq. (20) and therefore the minimum cavitation number, ' min , decreases with the increase in Reynolds number.
The simulation results at Re ¼ 1:0 Â 10 7 and Re ¼ 0:5 Â 10 7 are shown in Table 5 . The value T v min is the minimum temperature on the cavity surface and the vapor pressure at this temperature is defined as p v min . From Table 5 , the pressure depression due to the evaporation, Áp v , is seen to be larger at the higher Reynolds number (Re ¼ 1:0 Â 10 7 ) than that at the lower Reynolds number (Re ¼ 0:5 Â 10 7 ). Because of the difference of U 1 , however, the second term of Eq. (20), 2Áp v =& ' U 1 2 , is smaller at the higher Reynolds number, and therefore the minimum cavitation number, ' min , is smaller. Consequently, it is confirmed that the degree of the thermodynamic effect of cavitation can be predicted based not on the temperature depression or vapor pressure depression but on the minimum cavitation number ' min . However, it must be considered that this cavitation number is not a known parameter like the conventional cavitation number but can be obtained by numerical or experimental analysis as in this study.
Concluding Remarks
In this paper, a method introduced by Deshpande et al. to estimate the size of sheet cavitation with the thermodynamic effect of cavitation was improved and the effects of flow properties on the thermodynamic effect of cavitation were analyzed. A Navier-Stokes solver based on artificial compressibility and pseudo-time stepping coupled with an energy equation was used to simulate the thermodynamic effect of cavitation. The cavity surface at the next time step was determined by tracing the streamline from the inception point, and the normal velocity on the cavity surface was allowed to deviate from 0 to simulate the growth of the cavity. The boundary condition of the energy equation on the cavity surface was determined by the energy balance of the evaporation process. This model was applied to the two-dimensional flow around a hydrofoil and the size of the cavity was compared by changing the kind of liquid and the Reynolds number. As for the effect of thermodynamic properties of liquid on the thermodynamic effect of cavitation, not only were the vapor pressure depressions due to the temperature depression different from each other, but also the ratio between liquid and vapor density of water was larger than that of liquid oxygen. As for the effect of Reynolds number, it was found that the thermodynamic effect of cavitation decreases with the increase of Reynolds number when the kind of liquid is the same, though the temperature depression increases with the increase of Reynolds number. This was confirmed by the fact that the increase of dynamic pressure was greater than the increase of vapor pressure depression due to the increase of free-stream velocity. It was confirmed that the dependence of the Reynolds number on the thermodynamic effect of cavitation can be explained by introducing the minimum cavitation number, ' min . 
